Abstract Most research on future climate change discusses mitigation and impacts/adaptation separately. However, mitigation will have implications for impacts and adaptation. Similarly, impacts and adaptation will affect mitigation. This paper begins to explore these two veins of research simultaneously using an integrated assessment model. We begin by discussing the types of interactions one might expect by impact sector. Then, we develop a numerical experiment in the agriculture sector to illustrate the importance of considering mitigation, impacts, and adaptation at the same time. In our experiment, we find that climate change can reduce crop yields, resulting in an expansion of cropland to feed a growing population and a reduction in bioenergy production. These two effects, in combination, result in an increase in the cost of mitigation.
Introduction
The Earth's climate is changing (Solomon et al. 2007 ). Global mean temperature (GMT) has risen by approximately 0. 74°C between 1906 74°C between and 2005 74°C between (IPCC 2007 ) and that trend is anticipated to continue throughout the 21st century. The increase in GMT between the period from 1980 to 1999 and 2090 to 2099 ranges from 1.1°C to 6.4°C, depending on the underlying emissions scenario and Atmosphere-Ocean General Circulation Model (AOGCM) used (Meehl et al. 2007) . At the same time governments have committed to "stabilization of greenhouse gas concentrations in the atmosphere at a level that would prevent dangerous anthropogenic interference with the climate system" (UNFCCC 1992, Article 2).
While enormous bodies of research have been undertaken to assess the potential consequences of climate change, see for example Parry et al. (2007) , and emissions mitigation, e.g. Metz et al. (2007) , the literature is largely void of work focused on the simultaneous assessment of mitigation in the context of climate change and adaptation to climate change in the context of mitigation. But, mitigation will affect the ability to adapt to climate change and climate change will affect the ability to mitigate. Climate change will affect temperature, precipitation, wind speed, and solar irradiance. These changes, in turn, have an effect on crop yields, water availability, ecosystem services, renewable energy potential, etc.
This paper examines potential interactions between mitigation, the impacts of climate change, and adaptation to those impacts in an integrated assessment model. In particular, we consider the impacts of climate change on agricultural productivity and adaptation to that climate change in the form of changes in the extent and distribution of cropland. First, we briefly introduce integrated assessment models and their treatment of impacts. Next, we discuss possible feedbacks between climate change impacts and adaptation measures and mitigation efforts by sector. Then, we describe the results of a numerical experiment using one integrated assessment model, the Global Change Assessment Model (GCAM), and one impact/adaptation sector, agriculture.
Integrated assessment models
Integrated Assessment (IA) models can be classified into two major categories: highlyaggregated IA models and higher-resolution IA models. Research using highly-aggregated IA models largely focuses on cost-benefit analysis; that is, identification of the greenhouse gas and carbon price trajectories that balance the costs of mitigation with the associated benefits from reduced climate change. In this framework, the long-term climate goal (e.g., radiative forcing target or global mean temperature rise) is an output of the model. This research focus on costbenefit analysis requires not only that all relevant impacts be captured in the models, but also that the economic implications of these impacts be explicit so that an economic cost-benefit calculus can be performed. Partially for this reason, the highly-aggregated IA models typically use economic damage functions to represent climate impacts rather than emphasizing the processes by which the damages occur. Some examples of highly-aggregated IA models include DICE (Nordhaus and Boyer 2000) , PAGE (Hope 2006 (Hope , 2008 , and FUND (Tol 2002a, b) .
In contrast, the goal of higher-resolution IA models is to understand the interactions between processes and systems that would not have been available through a purely disciplinary approach. Interactions are the priority for higher-resolution IA models. By way of illustration, the higher-resolution IA modeling community is less interested in understanding the engineering challenges associated with the development of electric cars than in the potential interactions of electric cars with the rest of the transportation system, with the energy system more generally (for example through changes in electricity demands), with the agricultural system (for example through reductions in the demand for biofuels), and ultimately with efforts to reduce greenhouse gas emissions. Some examples of higher-resolution IA models are those that were used to generate the four Representative Concentration Pathways (RCPs) (van Vuuren et al. 2011a ): GCAM (Clarke et al. 2007; Wise et al. 2009), MESSAGE (Rao and Riahi 2006; Riahi, et al. 2007) , IMAGE (van Vuuren, et al. 2006 (van Vuuren, et al. , 2007 , and AIM (Fujino et al. 2006; Hijioka et al. 2008) .
With respect to impacts, economic damage functions are inconsistent with this goal because these functions do not contain meaningful representations of the processes through which the damages occur. More detailed representations of the underlying systems are needed for higher-resolution IA models. One important consequence of this need is that higher-resolution IA models today generally include only a small set of climate impacts, if any. In part because of the limited representations of impacts, higher-resolution IA models focus on cost-effectiveness analysis -that is, identifying the least-cost pathway toward a specified long-term climate goal -rather than balancing the costs and benefits to determine the best long-term goal. 1 3 Interactions between mitigation and impacts/adaptation Traditionally, climate change research has used a linear coupling strategy (Moss et al. 2010) . The integrated assessment modeling community produces emissions scenarios, which are passed to the climate modeling community to estimate future climate change, which is passed to the impacts, adaptation, and vulnerability community to analyze the effects of climate change. However, these systems are not linear, and there has been increasing interest in studying these effects simultaneously (see van Vuuren et al. 2011b) . In this paper, we focus on one such interaction between systems; namely, the effect of impacts and adaptation on the cost of mitigation. While there are several studies that examine impacts in integrated assessment models and even some studies that examine impacts in mitigation scenarios (see van Vuuren et al. 2011b; Reilly et al. 2007; Mima and Criqui 2009) , none of these studies discuss the combined effects of impacts and adaptation, and mitigation.
3.1 Agriculture, forestry, land use and land cover
The effect of climate change on land use and land cover is complex because it involves both the direct climate influence on plants (Easterling et al. 2007; Hatfield et al. 2008) as well as consequences of human decision-making. Climate change can lead to either an increase or decrease in crop yield, depending on temperature, precipitation, CO 2 fertilization, and the specific crop. Observational studies from all world regions (with a concentration of available data in Europe and North America) indicate that climate change is already causing a lengthening of the growing season, an advance in plant phenology and increases in fire and pest damages in agricultural and natural ecosystems. Adaptation to these impacts is also evident through short-term coping mechanisms, such as switching to different agricultural crops, as well as in longer term planning (Rosenzweig et al. 2007) .
As discussed later in this paper, climate change affects agricultural yields, which has a direct impact on the amount of cropland required to feed a given population. Cropland extent, in turn, can affect land cover and forested area, which will affect land-use change emissions. As a result, impacts in the agriculture and forestry sector can affect the amount of mitigation required by the energy sector to reach a given climate target. Additionally, climate change has an effect on the bioenergy crop yields, and thus, may affect the ability to mitigate through changes in bioenergy potential. Capturing these interactions requires a detailed agriculture and land-use model that is fully coupled with the energy system.
Energy use
Climate change has an effect on both the supply (e.g., electricity production, energy extraction) and the demand (e.g., transportation, buildings, industry) for energy. Climate change can affect wind power potential through changes in wind speed and variability, solar potential through changes in irradiance, hydropower potential through changes in water availability and thermal electric potential through changes in water availability and water temperature for cooling (Schaeffer et al. 2012) . Climate change also affects the demand for heating and cooling services (van Vuuren et al. 2011b; Mima and Criqui 2009) .
Changes in energy demand affect the ability to mitigate because it can affect the magnitude of mitigation required. For example, if climate change results in higher energy consumption to meet growing cooling demand, that increased demand may be met with fossil fuels, resulting in higher emissions and thus more required abatement to meet a given target. Changes in energy supply affect the cost of mitigation through changes in the potential penetration of low-carbon technologies like wind, solar, and hydropower. Capturing these interactions requires detailed representations of energy resource availability and energy demand that is responsive to changes in temperature.
Ocean acidification
There is now substantial evidence that increases in atmospheric concentrations of CO 2 have led to decreases in overall ocean alkalinity and increases in ocean acidity. The oceans have lost about 0.1 pH units over the last several decades, and are on track to continue increasing in acidity over the coming decades (Fischlin et al. 2007 ). There are already regions within the global ocean that are approaching critical pH levels for corals and other organisms that build calcium carbonate external skeletons to extract calcium carbonate from the water column.
Ocean acidification could negatively impact the supply of seafood, in particular shellfish. Therefore, one might expect increases in ocean acidity to put upward pressure on the production of other, land-based protein sources. Increased land-based protein sources may lead to higher land-use change emissions and thus, an increase in the amount of mitigation required to reach a given climate target. Capturing these interactions requires detailed representations of food supply, food demand, and land use.
Water resources
Climate impacts on water are among the most uncertain and among the most important for understanding the future evolution of ecological systems and human society. Observed changes reported in the latest IPCC assessment (Rosenzweig et al. 2007 ) include earlier snowmelt, enhanced mountain glacier melting, and increases in temperature of freshwater in lakes and streams. While regional impacts will vary considerably, overall the global net impact is anticipated to be negative (Kundzewicz et al. 2007 ). Impacts on water resources have consequences for many other impacts sectors. For example, future water availability will have consequences for irrigation and thus, agricultural production. Water availability may also impact the ability to construct technologies that require large amounts of water for cooling (e.g., concentrating solar power, power plants with CO 2 capture and storage, and nuclear). These impacts will affect technological deployment, and thus, cost of mitigation. Capturing these interactions requires a model with explicit water demands by technology, a representation of water supply, and a means of balancing supply and demand.
Human health and demographics
Climate change will occur within an increasingly vulnerable human settlement and population context, with potential for negative impacts on the health of human populations (Confalonieri et al. 2007 ). Direct impacts of climate change are likely to result in greater risk of death and disease from heat waves, floods, storms, fire and drought. However, climate change may also reduce the risk of death from cold events. Consequences for disease are likely to include increases in vector-borne diseases and seasonal allergenic pollen, while impacts on agricultural systems could increase risk of malnutrition and starvation in some regions. These and other impacts will likely result in the movement of populations away from highly affected areas.
Health impacts affect the potential scale of the economy, through changes in population size and labor productivity. Energy use, and thus, emissions are highly correlated with economic activity. Therefore, any change in the drivers of economic activity, through climate affects on health, will impact the amount of mitigation required to limit climate change. Capturing these interactions requires an explicit model of the feedbacks between socioeconomic assumptions and energy demand.
Overview of GCAM
To explore the interaction between impacts, adaptation, and mitigation in the agricultural sector, we use the Global Change Assessment Model, Version 3.0 (GCAM 3.0), a higherresolution integrated assessment model. GCAM integrates representations of the global economy, energy system, agriculture and land-use, and climate in a single framework. The model includes 14 geo-political regions, covering all countries of the world, and operates from 2005 to 2095 in five-year increments. GCAM is a dynamic-recursive, marketequilibrium model; it adjusts prices of all energy, agriculture, and forest products until supplies and demands of each are equal. GCAM is a direct descendent of the EdmondsReilly model (Edmonds and Reilly 1985) . Within each period, GCAM computes the supply and demand for primary energy forms (e.g., coal, natural gas, crude oil), secondary energy products (e.g., electricity, hydrogen, refined liquids), several agricultural (e.g., corn, wheat, rice, beef, poultry, etc.) and forest products (e.g., industrial roundwood and bioenergy), and several different sources of bioenergy supply (cellulosic bioenergy crops, crop residues, and municipal solid-waste) (Luckow et al. 2010 ). The GCAM model assumes global trade in fossil fuels and most agricultural products, and tracks emissions of a full suite of gases and reactive substances from a variety of human activities.
GCAM subdivides each of the 14 geopolitical regions into as many as 18 subregions in the agriculture and terrestrial system (Wise and Kate 2011) . The subregions are based on agro-ecological zones (Monfreda et al. 2009) , and thus, current temperature and precipitation levels are similar throughout each subregion. Crop yields are specified within each subregional AEZ based on historical data and assumptions about future productivity increases. In this exercise, changes in potential agricultural output over time are specified by exogenous assumptions, which is intended in aggregate to reflect drivers such as cultivar improvements, capital accumulation, improved management practices, fertilizer application, water utilization, and management practices. The default productivity improvement assumptions, without considering climate impacts or CO 2 fertilization effects, are based on Bruinsma (2003) through 2050. 2 After 2050, the default agricultural productivity grows at 0.25 % per year.
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Land is allocated across a variety of uses based on expected profitability, which depends on the productivity of the land, the price of the product, and the costs of production (labor, capital, fertilizer, etc.). Because it is an IA model, land use modeling in GCAM is not limited to agriculture but is instead comprehensive in scope. Land in each subregion is divided into one of several land use and land cover categories, with different the soil and vegetative carbon densities for each land type and subregion (Kyle et al. 2011) . These land categories include lands for commercial uses such as cropland, commercial pasture, forest products, and bioenergy crops, as well as non-commercial but arable lands such as non-commercial forestland, grassland, and shrubland. For both commercial and non-commercial forestland, the GCAM models the temporal accumulation of terrestrial carbon based on growth profiles specific to each subregion. Non-arable lands such as tundra, desert, and urban land are also tracked but considered fixed for this study. The amounts of land in each of the arable land categories, including the distinction between commercial and non-commercial land coverage, are not rigid in GCAM. In future periods, the amount of land devoted to each of these categories and uses changes in response to socioeconomic, policy, and technology drivers, and the net terrestrial carbon emissions (positive or negative) from these land-use changes are computed.
Exploring the implications of joint assessment of emissions mitigation and climate change
As previously stated, the goal of incorporating impacts in higher-resolution IA models is to capture interaction effects across sectors, as well as between impacts, adaptation, and mitigation. To illustrate the potential benefit of developing the capacity to simultaneously examine mitigation and the impacts and adaptation to climate change, as described above, we construct a simple experimental design focused on impacts in the agriculture and landuse sector (Table 1) . We consider two alternative scenarios:
1. Reference scenario 2. 550 ppm CO 2 stabilization scenario The reference is a counterfactual construction in which it is assumed that no new emissions mitigation occurs and that any existing policies explicitly and primarily designed to mitigate emissions of greenhouse gas emissions are not renewed after they expire. The reference scenario is based on an updated version of the scenario described in Thomson et al. (2011) . In this scenario the growth of population and labor productivity lead to increasing emissions, and consequent increasing concentration of greenhouse gases in the atmosphere.
Atmospheric CO 2 concentrations reach 791 ppm in the year 2095 and total radiative forcing reaches 6.7 W/m 2 . We contrast this scenario to scenarios in which emissions mitigation policies are introduced that limit the concentration of CO 2 to 550 ppmv. Emissions were limited by imposing a tax on all carbon emissions that follows a Hotelling-Peck-Wan exponential growth path, rising at the rate of interest plus the average rate of removal of carbon from the atmosphere by oceans (Hotelling 1931; Peck and Wan 1996) , until the target is reached. After that date, carbon prices are adjusted to ensure that CO 2 concentrations never exceed 550 ppmv. The tax is only applied to fossil fuel and industrial emissions. 4 This means that there is no penalty imposed on the release of emissions from the terrestrial system. 5 This is an idealized policy, where all nations are assumed to impose the carbon emission tax throughout their societies in common, beginning in 2012. While admittedly unrealistic, the scenario serves to illustrate the interplay between mitigation, impacts, and adaptation.
Each of these two scenarios is then run with and without climate feedback effects. In each of the cases with climate impacts, we allow limited adaptation. That is, we allow farmers to adjust which crop they grow, but we do not allow farmers to adjust the method in which they grow crops (i.e., we do not consider changes in irrigation or other management practices). 
Estimation of climate impacts on crop yields
The effect of climate on crop yields depends critically on local temperature, precipitation, and CO 2 fertilization. Thus, accurately modeling these effects requires spatially disaggregate data on temperature and precipitation and a model to compute eco-physiological response of crops to nutrients, soils, water, weather, climate, CO 2 , and management practices. For this study, that sort of information was unavailable. However, we can still learn a great deal about interactions between emissions mitigation and climate change in the meantime by constructing a set of stylized scenarios from the findings of detailed bio-physical-model based studies. Here, we use results from the most recent IPCC assessment (Easterling et al. 2007 ). This study compiled results from 69 studies that applied climate and CO 2 projections from General Circulation Models (GCMs) and Atmosphere-Ocean GCMs (AOGCMs) to process-based crop models. The information was presented for three crops (wheat, rice and corn) at two latitudinal regions (low and mid-to-high). In general, this data reveals two important trends:
1. All three crops have a greater negative response at higher temperature increases and in lower latitude regions, and 2. Different crops have slightly different magnitudes of response. 4 We assume that the carbon sequestered while bioenergy is growing offsets the emissions associated with combusting bioenergy. As a result, we treat bioenergy as carbon neutral and thus there is no penalty for its use in the energy system. 5 Wise et al. (2009) showed that the choice of whether or not to tax CO 2 emissions from the terrestrial system has a profound impact on deforestation, bioenergy potential, and the cost of mitigation. We do not explore this phenomenon here and instead only consider a world where terrestrial CO 2 emissions are not taxed. It is important to note that climate change can affect the ability of ecosystems, particularly forests, to store carbon. Capturing this effect is critical when considering climate change impacts in any scenario that heavily relies on afforestation as a mitigation measure, like a scenario that taxes terrestrial CO 2 . 6 Note that all scenarios include the exogenously specified agricultural productivity growth estimates, which include some shifts in management practices. However, we do not allow additional shifts in management in response to climate change in this paper.
The studies include changes in precipitation and CO 2 in their reported change in crop yields. However, the crop response was presented as a function of temperature.
We employ this information in GCAM to adjust the change in crop yield in response to climate change (compared to the no climate change case in order to evaluate the relative change) measured as realized global mean surface temperature change. The relative change is important because crop yields are allowed to change in GCAM, as described in Wise et al. (2011) . Two features of the data were extracted for each of the three crops:
1. the envelope of the maximum change in crop yields as a function of the change in global mean surface temperature, and 2. the envelope of the minimum change in crop yields as a function of the change in global mean surface temperature. Figure 1 displays the results for wheat yields. We chose to use the extreme edges of the distribution in an effort to capture the widest range of possible climate impacts. Neither scenario is likely to unfold -it is difficult to imagine that all regions of the world will experience the worst or the best effects on all yields. In reality, the distribution of impacts around the world will be more varied. However, we have not mapped impacts to local temperature and instead are using global mean temperature rise. Temperature rise is likely to be larger than the mean in the mid-to high-latitudes; we could expect those regions to experience larger impacts. Therefore, our scenarios are extreme in the degree of correlation across regions, but conservative in the magnitude of impacts at any particular location. These scenarios were chosen to illustrate the types of climate impacts on agriculture and the feedback of those impacts to other parts of the energy and climate system.
The reference case
We begin our investigation of the effect of climate impacts with the construction of a reference scenario, i.e., a scenario without climate policy, and without climate impacts. The GCAM reference scenario includes a population that peaks in 2065 at more than 9 billion people before declining (Fig. 2a) . Global gross domestic product (GDP) grows nearly ten-fold over the course of the century (Fig. 2a) . Despite growth in the deployment of nuclear and renewable energy, fossil fuels dominate global energy consumption in the reference scenario (Fig. 2b) . As a result, fossil fuel and industrial CO 2 emissions continue to rise, nearly tripling between 2005 and 2095 (Fig. 2d) . Demand for food increases throughout the century as population and incomes rise. However, the growth in cropland is tempered by increased agricultural productivity. As a result, global cropland expands by~8 % between 2005 and 2050 before declining. In 2095, global cropland is roughly the same size as today (Fig. 2c) . Land dedicated to the production of bioenergy grows throughout the century, but only accounts for 1.7 % of global land cover in 2095. Net land use change emissions remain positive in the first half of the century as cropland expands but dip below zero in the second half of the century (Fig. 2d) . Total anthropogenic CO 2 emissions are dominated by energy and industrial emissions, and thus, increase by a factor of 2.5 between 2005 and 2095 (Fig. 2d) To examine the effect of climate change on the reference scenario, we re-run the reference scenario with crop yield estimates modified by the Easterling et al. (2007) impacts estimates. These impact estimates result in yields that are anywhere from 50 % lower to 40 % higher than the yields in the no climate impacts cases, depending on the region, crop, and scenario. These results are displayed in Fig. 3 . The inclusion of impacts resulted in anywhere from a 16 % reduction in cumulative land-use change emissions to a 41 % increase, as compared to a case without impacts (Fig. 3b) . The difference in land-use change emissions across scenarios is due to a difference in the amount of cropland required (Fig. 3c) .
7 While relatively large, total anthropogenic emissions continue to be dominated by energy system emissions, which are relatively unaffected by climate impacts on agriculture in the reference scenario (Fig. 3a) . As a result, differences in land-use change emissions lead to small changes in cumulative anthropogenic carbon emissions over the 21st century and therefore to very little alteration in the reference climate change trajectory.
Food demand in GCAM is relatively inelastic. 8 That is, consumers' demands do not change much as prices change. Thus, if crop yields decline (increase), more (less) cropland area is brought under cultivation to satisfy consumer demands for food. The change in cropland in 2095 ranges from a 3 % decline compared to the no impacts Reference case, to a 13 % increase.
This change in cropland is induced by changes in crop prices in GCAM. The direction of price changes is a direct reflection of the change in crop yields induced by climate change (Fig. 3d) . Improvements in crop yields results in lower crop prices. And, declines in crop yields produce higher prices, which in turn encourage farmers to expand production. Climate impacts results in a wheat price at the end of the century that ranges from $0.11/kg to $0.15/ kg, compared with a price of $0.11/kg in the no impacts case. The higher range price under the climate impacts scenario encourages farmers to shift more land into wheat cultivation to compensate for the decline in wheat yields.
Mitigating while adapting to climate change
We now consider the problem of simultaneously mitigating and adapting to climate change. As described in our experimental design, we limit the concentration of CO 2 to 550 ppm, by imposing a carbon price on fossil fuel and industrial emissions (but not land-use change carbon emissions). The carbon price directly affects energy choices in the industrial sector. As the price of carbon increases, the cost of carbon-intensive fuels rises, and decisionmakers substitute toward less carbon intensive fuels. As a result, carbon emissions decline.
9
The carbon price indirectly affects choices in the agriculture and land-use sector. Bioenergy is treated as a net-zero emissions technology in the energy system. As a result, the imposition of a carbon price increases demand for bioenergy, which can be used to substitute for emissions-intensive technologies like coal-fired electricity and conventional liquid fuels. The increased demand for bioenergy increases the price of bioenergy and thus its profitability. As a result, land-owners allocate land to produce bioenergy crops, displacing forests and other ecosystems (including food crop land). This is the well-known indirect land-use 7 It is important to note that only the effects of land cover change on land-use change emissions are considered in this paper. We do not consider the effects of changing carbon densities of land on carbon emissions. 8 In this version of GCAM, we assume that demand for grains, produce, and other crops is not responsive to price. Demand for meat and dairy declines as prices rise, but the price elasticity of demand for meat is very low (−0.1 to −0.25 depending on the region) (USDA 2011). We do not allow substitution among the different sources of proteins in this study. However, such substitution would be important to consider if we were to analyze the effects of ocean acidification in addition to the climate effects considered in this paper. 9 Note that we are not including any effects climate change may have on energy production in this analysis. change (ILUC) effect, documented extensively in the literature (Wise et al. 2009; Fargione et al. 2008; Searchinger et al. 2008; Schmer et al. 2008; Gillingham et al. 2008; Crutzen et al. 2008; Clarke et al. 2007 ). Thus, the net effect of imposing a carbon price on fossil fuel and industrial emissions only is to reduce energy system emissions and increase land-use change (LUC) emissions relative to a scenario in which all emissions are taxed equally.
10 In order to reach the CO 2 concentration target of 550 ppmv, fossil fuel and industrial emissions must decline enough to offset the increase in LUC emissions. Specifically, global total anthropogenic CO 2 emissions must be limited to~875 GtC cumulatively between 2005 and 2095. Reference,w/ Impacts
Reference,w/o Impacts Fig. 3 The effect of including climate change impacts on the reference scenario 10 Alternatively, one could assume that the carbon price applied to all emissions. In this case, emissions would decline in both the energy system and the terrestrial system. Such a policy environment, while easy to impose in a model, would be difficult to implement in the real world. For this reason, and because of the dramatic land-use changes it induces, we do not consider such a policy here. See Wise et al. (2009) for further discussion.
As we saw in the previous section, explicitly accounting for climate impacts on agriculture can reduce net global crop yields, resulting in increased cropland area and higher LUC emissions in relation to a reference scenario. In a mitigation scenario, considering impacts means that (1) more emissions mitigation is necessary in the energy system to compensate for the increased LUC emissions, and (2) bioenergy potential is decreased due to its climatereduced yield. The net effect of these two phenomena is to increase the cost of mitigation.
In the 550 CO 2 stabilization scenario, we find that the inclusion of climate impacts results in anywhere from a 10 % reduction to a 19 % increase in cumulative LUC emissions, with respect to the no impacts case (Fig. 4b) . This change in LUC emissions is due to both increases in cropland to meet food demand and increases in bioenergy land. In particular, we find anywhere from a 3 % decline to a 7 % increase in cropland when climate impacts are included. Bioenergy land varies from a 1 % decline to a 6 % increase. The resulting change in cumulative LUC emissions affects the degree of mitigation required by the energy system. In particular, limiting total anthropogenic emissions to 875 GtC requires between a 1 % increase and a 1.5 % decrease in cumulative fossil fuel and industrial CO 2 emissions, with respect to the no impacts case (Fig. 4a) .
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Global consumption of bioenergy grows from 20 EJ/yr in 2005 to between 270 EJ/yr and 302 EJ/yr in 2095, compared to 294 EJ/yr without impacts (Fig. 4d) . The fraction of total bioenergy that comes from dedicated bioenergy crops also varies across scenarios, with the smallest amount of dedicated bioenergy occurring in the scenario with the most degraded yields. In scenarios with decreased bioenergy potential, nuclear and oil consumption increase to compensate for reduced bioelectricity and biofuels.
The combination of increased mitigation requirements and decreased bioenergy results in an increase in the carbon price. The carbon price starts around $24/tC in 2015 and grows to between $239/tC and $251/tC in 2095in the scenarios with impacts, compared to $234/tC in the scenario without impacts. We also see an increase in the price of food in the scenarios with impacts. The price of wheat for example ranges from $0.11/kg to $0.14/kg with impacts in 2095, compared to $0.12/kg in scenarios without impacts. As a result, total global food expenditures range from $3.8 to $4.1 trillion (2005$) in 2095, compared to $3.9 trillion without impacts.
The range in wheat price in the climate policy scenarios is similar to the range of prices in the reference scenario with impacts. Relative to the reference scenarios, in the mitigation scenarios the downward pressure on prices from reduced climate change is offset by upward pressure from increased use of bioenergy. This results in an expansion of agricultural systems into unmanaged ecosystems. In numerical experiments in which land-use emissions are limited by applying the same carbon price to land-use change emissions as to fossil fuel and industrial emissions, however, the price of wheat rises dramatically, as per Wise et al. (2009) .
Conclusions
We have shown initial results of an experiment in which we jointly consider impacts, adaptation and mitigation. While this experiment is admittedly incomplete in that it only considers one potential pathway by which interaction effects between emissions mitigation and climate impacts/adaptation might occur it highlights the importance of considering these effects jointly. Some highlights include:
& The carbon price for emissions mitigation is higher in the presence of climate impactsclimate impacts affect crop productivity and thus the amount of cropland required to feed a growing population. The expansion of global cropland comes at the expense of other ecosystems and results in increased land-use change emissions, relative to a no climate impacts case. As a result, the amount of mitigation required (in this case by the energy system) to reach a given climate target increases when climate change impacts are considered. & Bioenergy production is reduced in the presence of climate impacts. & LUC emissions are increased in the presence of emissions mitigation due to land use conversion for bioenergy production, which is treated as carbon neutral in the energy system. This finding, however, is sensitive to assumptions about land policy; comprehensive afforestation policies could reverse this finding. The ability of land-use systems to adapt to climate change is substantially affected by emissions mitigation.
The clear implication of this research is that analysis of climate impacts in the context of emissions stabilization is likely to yield a different understanding than undertaking either emissions mitigation analysis or climate impacts analysis independently.
The research described here is in the beginning stages. There is a clear need to move this line of research forward in numerous directions including:
& Increased geospatial and temporal resolution, & Explicit linkage to state-of-the-art Earth System Model, & Explicit integration with water systems, & Simultaneous incorporation of other impacts, e.g. health effects, energy use, energy production and transformation, particularly those sensitive to water availability, and local air quality interactions with climate change and emissions mitigation.
It is not clear ex ante what consequences will attend increased geospatial and temporal resolution and broader sectoral interactions. It is clear from the simple experiments presented here, that they will alter in important ways our understanding of adaptation to and mitigation of climate change and emissions mitigation.
